STEREOSELECTIVE FORMAL TOTAL SYNTHESIS OF (+)-HYPERASPINE AND TOTAL SYNTHESIS OF BCC-2816 -A 10-MEMBERED LACTONE; DEPROTONATIVE METALLATION STUDIES OF FUNCTIONALISED FERROCENES USING ‘ATE’ BASES by Aare, SREESHAILAM
                                       Abstract


Abstract
The thesis entitled “Stereoselective formal total synthesis of (+)-hyperaspine and total synthesis of BCC-2816-a 10-membered lactone; Deprotonative metallation studies of functionalized ferrocenes using ‘ate’ bases” is divided into three chapters.

Chapter I: Stereoselective formal total synthesis of (+)-hyperaspine
This chapter deals with stereoselective formal total synthesis of (+)-hyperaspine

Hyperaspine 1, belongs to the class of ladybird alkaloids, isolated from Hyperaspia campestris possessing a unique 3-oxaquinolizidine skeleton.1 These structural features coupled with an interesting activity profile have prompted synthetic efforts towards 1.2 First Ma et al2a synthesized (+)-hyperaspine 1 through the hydrogenation of δ-hydroxy-β-ketoester-derived enamines to achieve the syn chiral amino alcohol which was later extrapolated to the target compound. Subsequently, Braekman et al2b achieved the total synthesis and established the absolute configuration of 1 starting from protected piperidin-4-one. More recently, Commins et al2c have accomplished the total synthesis of 1 by the addition of a metaloenolate to a chiral, nonracemic 1-acylpyridinium salt. In continuation of a program3 on the synthesis of piperidine moiety containing bio-active natural products and in this connection herein in this chapter a formal total synthesis of (+)-hyperaspine 1 is described, wherein a novel one-pot double aza-Michael reaction is utilized as the key reaction for construction of the important piperidinone ring-skeleton.
In accordance with the groups interest4 in the natural product synthesis herein this chapter the formal total synthesis of 1 by a convergent strategy wherein the intermediate used in this synthesis are drawn from the common, inexpensive starting material, S-ethyl lactate (Scheme 1). The strategy relies on chelation controlled 1,3-anti allylation, nucleophilic addition of acetylenic anion on a chiral aldehyde, exhaustive reduction, oxidation and double Aza-Michael addition as the key steps. Retrosynthetic analysis (Scheme 1) reveals that the target compound 2 can be obtained by debenzylation of 2,6-disubstituted piperidinone followed by the protection of the ensuing -NH and –OH groups with formaldehyde to form the hetero-bicyclic 6 membered rings. Accordingly, to garner the requisite 2,6-disubstitutions rightly positioned stereocenters, accessing 2,6-disubstituted piperidinone 3 remains the most important task. Strategically, piperidinone 3 could be obtained by the double conjugate addition of benzylamine on a chiral enone 4. enone 4, in turn, could be obtained by the exhaustive reduction and followed by oxidation of propargylic alcohol 5. Compound 5, in turn, obtained from the nucleophilic addition between acetylinic anion of 1-heptyne and the aldehyde realized from the anti-homoallylic alcohol 6. Anti-homoallylic alcohol 6 was realized from simple chemical transformations followed by the chelation controlled allylation of S-ethyl lactate 7.



















As depicted in Scheme 2, the synthesis of anti-homoallylic alcohol 6 was started with L-ethyl lactate 7. The hydroxyl group of ethyl lactate was protected as its benzyl ether (NaH/BnBr/DMF/0 oC), which on reduction with LAH furnished alcohol 8 in 80% yield. One carbon was increased in compound 8 using Swern oxidation ((COCl)2/DMSO/Et3N/CH2CH2), followed one carbon Wittig olefination obtained olefinic product in 85% yield. The olefinic compound on hydroboration/hydrolysis (BH3DMS/THF) followed by Swern oxidation, the ensuing aldehyde on chiral anti allylation (allylTMS/TiCl4/CH2Cl2/-78 oC) afforded the advanced intermediate anti homo allylic alcohol 6 (80% over tree steps).	
As depicted in Scheme 3, the synthesis started with the known4 homoallylic alcohol 6. Thus, the hydroxyl of 6 was protected as its PMB ether 6 (NaH/PMBBr/DMF/rt), which on exposure to osmium tetraoxide (OsO4/NMO/acetone:water/rt) mediated dihydroxylation and subsequent oxidative cleavage (NaIO4/CH2Cl2/rt) of the ensuing diol resulted in an aldehyde, which without isolation was quenched with the acetylenic anion of 1-heptyne (n-BuLi/THF/-78 oC) to afford  propargylic alcohol 5 (90% over three steps). Selective reduction of 5 with LAH in THF afforded allylic alcohol 11 (90%) which was oxidized (Dess-Martin periodinane/CH2Cl2/rt) to furnish ketone 12 (95%). Next, selective deprotection of the PMB ether (DDQ/CH2Cl2:water/rt) resulted in the keto alcohol 4 (95%).

	





	Compound 4 was identified as an ideal substrate for SN2 reaction of its corresponding mesylate with benzylamine followed by an intramolecular aza-Michael addition5 to afford the piperidinone derivative 3 that can eventually be transformed into 3-oxaquinolizidine derivative 2. Thus, mesylation of 4 (MsCl/Et3N/CH2Cl2/-20 oC-rt) followed by in situ treatment with benzylamine resulted in 3 (90%) as an inseparable mixture of diastereomers. However, piperidinone 3 was resolved into two oxaquinolizidines 2 and 2a upon cyclization (HCHO/MeOH/rt) in a 3:1 product ratio and  65% combined yield. The two products isolated were initially thought to be 2 and its C8-epimer.2d However, the spectral data of 2a did not match with the reported values. For instance, the 1H NMR spectrum of 2a revealed H-1 at δ 4.59 and at δ 4.34 as doublets with Jgem = 8.7 Hz, while the C-8 epimer reportedly showed the same protons at δ 4.86 and δ 3.60 as doublets with Jgem = 7.8 Hz. The optical rotation value also differed {[]D25  +15.53 (c 0.35, CHCl3)}. Compounds 2 and 2a did not exhibit Bohlmann bands in the IR spectrum, thus inferring their existence as cis-fused ring conformers. Nevertheless the formation of 2a needed to be rationalized, and could be logistically explained if a double aza-Michael addition of the dienone 13 was envisaged as the intervening reaction would have resulted in 3 first and later converted into 2 and 2a. This argument was indeed supported by the isolation of dienone 13 when the mesylation reaction was prolonged. Dienone, 13 was synthesized by an alternate route. on double aza-Michael reaction indeed produced identical results.

























	Further, the formation of 2:2a in an isomeric ratio of 3:1 and the stereochemical preferential formation could be explained by considering the fact that the first Michael reaction of the dienone 13 with benzylamine was indeed a regio- and diastereoselective intermolecular aza-Michael reaction to afford an aza-enone intermediate (syn and anti, Figure 1) which on second aza-Michael reaction (intramolecular) provided the 2,6-disubstituted-trans-piperidinones as exclusive products. While, the former regioselective Michael addition can be reasoned due to a possible 10-membered H-bonding between the ketone and benzyl ether groups resulting in a diastereomeric ratio of 3:1 in favor of the requisite isomer; the exclusive anti-selectivity of the second aza-Michael reaction was mainly due to less prevalence of steric repulsions due to the substituents in the transition states (B and D, Figure 1).6


	









	


	
	The above analysis was found to be in complete agreement with the spectral data of 2 and 2a. Thus, the product profile was rationalized by the regio- and stereoselective aza-Michael addition of benzylamine at the β-carbon of the enone followed by stereospecific intramolecular aza-Michael addition. The physical and spectroscopic data of 2 were identical to the reported values. []D25 +25.4 (c 0.75, CHCl3);{lit.2a []25D  +21.0 (c 0.67, CHCl3). Hence, the synthesis of 2 reported herein constitutes a formal synthesis of (+)-hyperaspine 1.
	In conclusion, we have disclosed a concise and stereoselective formal total synthesis of (+)-hyperaspine 1 through a one-pot double aza-Michael reaction on a chiral enone intermediate. A highly stereocontrolled double aza-Michael reaction played a crucial role in minimizing the number of products. The synthesis takes advantage of the lone stereogenic center of the starting material in creating the additional chiral centers in a stereodefined fashion. A hitherto unreported diastereomeric 3-oxaquinolizidine 2a was also synthesized through which an isomer of 1 could be realized. The strategy reported herein is general and can be adopted for the synthesis of similar piperidine-4-one systems.

Chapter II: Total synthesis of BCC-2816 -a 10-membered lactone
This section deals with the stereoselectve first total synthesis of BCC-2816 -a 10-membered lactone from L-malic acid and (R)-2,3-O-cyclohexylideneglyceraldehyd.
Much current interest has been focused on the utility of naturally occurring bifidus factors and growth inhibitors against harmful bacteria such as Clostridium and E. coli. The ascomycetous genus Cordyceps is an entamopathogenic fungus that has found extensive use in food and herbal medicine in Asia. Cordyceps genus is a known rich source of biologically active secondary metabolites.7 In recent years, these secondary metabolites have received attention due to their unique structure and specific biological activities. Cardicepin (3’-deoxyadenosine), possessing antifungal, antiviral, antitumour activities, is one of a few secondary metabolites previously isolated from C. millitaris. A novel 10-membered macrolide 1, structurally related to cephalosporolide C, was isolated from cordiceps militaris BCC 2816 as one of the biologically active natural product possessing anti-malarial activity against Plasmodium falsifarum K1 (multidrug resistant strain).8 Considering the fact that cyclizations of medium ring lactones with n = 8-11 (n = number of carbon atoms in the lactone ring) are difficult to achieve due to enthalpy and entropy factors9 and the intrinsic limitation that not all macrolides could be accessed through the Grubbs’ catalyst mediated ring-closing metathesis approach,10 makes the 10-membered macrolide synthesis more so challenging. The impressive biological profile of 1 coupled with structural features, especially the strategically located 6-keto-functionality attracted our attention. This paper describes the first stereoselective total synthesis of 1.
In accordance with our interest in the natural product synthesis11 herein we report first stereoselective total synthesis of 1 by a convergent strategy wherein both the intermediates are drawn from the common, inexpensive starting materials, L-malic acid and (R)-2,3-O-cylcohexylideneglycerladehyde. Our strategy relies on chelation controlled 1,2-syn allylation, acetylenic anion addition onto a chiral aldehyde, exhaustive reduction and Yamaguchi macrolactonization as the key steps. Retrosynthetic analysis reveals that target compound 1 can be obtained from seco acid 2 by Yamaguchi macrolactonization followed by the selective deprotection of MOM-ether, oxidation of the ensuing free hydroxyl group to its keto functionality and subsequent deprotection of the benzyl group. Accordingly, to garner the requisite cabon chain with rightly positioned stereocenters, accessing seco acid 2 remains the most important task. Strategically, seco acid 2 could be obtained from chiral propargyl alcohol 3. Compound 3, in turn, could be obtained by coupling of fragments 4 and 5 followed by the functional group manipulations. Both fragments 4 and 5 are realized from (R)-2,3-O-cylcohexylideneglycerladehyde and L-malic acid respectively by simple chemical transformations.














Accordingly, the synthesis of 1 starts with the preparation of alkyne 4 (Scheme 2). Thus, known (R)-2,3-O-cylcohexylideneglycerladehyde 6 was converted into an acetylenic functionality via the conventional vinyl dibromide (CBr4/Ph3P/THF/rt) and its subsequent exposure to EtMgBr to afford the alkyne 4 (60%).
As envisaged, 5 was obtained from L-malic acid (Scheme 2). Thus, L-malic acid was converted to aldehyde 7 according to the modified literature procedure.11b The thus prepared aldehyde 7 on chelation controlled allylation [allylSn(Bu)3/MgBr2.2Et2O/CH2Cl2/-78 oC to -20 oC] afforded highly stereoselective syn-diol derivative 8 (95%, de >97%).12 The absolute stereochemistry of the newly created was assigned based on literature and the synthesis continued as envisaged. The terminal olefin in 8 was exploited to generate aldehyde 5 (85%) through the conventional dihydroxylation-oxidative cleavage protocol.



















In order to prepare propargyl alcohol 3, alkyne 4 (Scheme 3) was treated with n-BuLi in THF at -78 oC and the resulting acetylenic anion was quenched with aldehyde 5 to furnish 3 (92%, de 60%) as a chromatographically separable diastereomeric mixture.13
The major diastereomer was taken up for further use so that the ensuing NMR spectra are simplified. Also this particular carbon eventually correlates to C-6 ketone in macrolide 1 and chirality ceases to be of any consequence. Exhaustive reduction of the triple bond in 3 under the standard conditions gave 10 in quantitative yield. Subsequently, the newly generated hydroxy group in 10 was protected (MOM-Cl/DIPEA/CH2Cl2/0 oC-rt) to afford 10a (90%). Later, the cyclohexylidene group of 10a was deprotected (PTSA/MeOH/rt) to afford the corresponding diol, which was selectively mono-tosylated (TsCl/NaH/rt) and 

exposed to LAH to transform into the methyl group of 11 (65% over three steps). The next task was to protect the secondary–OH as its silyl ether (TBSCl/imidazole/CH2Cl2/rt) and release the PMB group (DDQ/CH2Cl2:H2O/rt) in order to oxidize the ensuing alcohol into an acid. Accordingly, the primary alcohol was oxidized to the corresponding acid by a two-step process; firstly to an aldehyde by Swern oxidation and then on perchlorite oxidation (NaClO2/NaH2PO4.2H2O/t-BuOH/2-methyl-2-butene) to afford the seco acid 2 (85% over two steps). Yamaguchi macrolactonization14 of 2 gave the required macrolide 12 (40%), along with the α,β-unsaturated derivative 12a (10%) as an inseparable mixture. Hence, macrolide 12 was characterized at a later stage. To continue the synthesis, MOM-deprotection (TMSBr/CH2Cl2/-5 to 0 oC, entry 10, Table 1)15 of macrolide mixture 12 and 12a afforded 13 (68%) and 12b (17%) respectively as chromatographically separable compounds. Likewise, 13a was the major product when the deprotection was performed under different reaction conditions (See Table 1). Interestingly, it may be noted that with the right choice of reagent system one can alter the product profile either to 13/12b or 13a/12b as separable mixtures. Macrolide 12b was characterized by its 1H NMR spectrum, which revealed the characteristic olefinic protons at δ 6.25 ppm as a double doublet (J = 11.3, 5.8 Hz), the other one at δ 5.84 ppm also as a double doublet (J = 11.3, 1.8 Hz) and the methyl protons at δ 1.36 ppm as a doublet (J = 6.2 Hz). Further, oxidation of 13 under Dess-Martin periodinane conditions16 gave 14 (95%) and finally debenzylation (Pd-C/H2/EtOAc/rt) gave the target compound 1 (95%). The synthetic 1 was thoroughly characterized by its spectral data. Its 1H NMR spectrum revealed that the characteristic H-9 at δ 5.04 ppm as a multiplet, the protons due to -OMe appeared at δ 3.43 ppm as a singlet and the methyl protons at δ 1.26 ppm as a doublet (J = 6.3 Hz). The MS peak revealed the 231 M+1+ ion, [α]D25 +58.0 (c 0.12, CHCl3) {natural 1; [α]D25 +59.0 (c 0.017, CHCl3)1. The physical and spectroscopic data of our synthetic sample 17 were identical to those of the reported natural product.
In order to obtain a product profile in favor of the required compound, standardization of MOM-deprotection reaction (see Table 1) was felt necessary. As evident from the Table 1, most of the times 13a (85%, Scheme 3) was the major product which was tentatively assigned as 13 but whose structure was clarified in due course of synthesis. Such acid catalyzed ring-contractions or expansions to afford thermodynamically stable compounds is well known in literature.17 Subsequently, when the 1H NMR spectrum of 13a was compared with that of the natural product, there appeared inadequacies especially the ester-linked methine proton appeared at δ 4.5 ppm as a multiplet instead of at δ 5.09 ppm for the natural product and the methyl protons at δ 1.18 ppm as a doublet (J = 6.2 Hz). Discounting the differences in NMR values, the rest of the synthesis was continued. Consequently, 13a upon oxidation and debenzylation as applied earlier afforded 15. A closer inspection at the spectral data revealed that indeed 15 is not 1. For instance 1H NMR spectra of 15 displayed the methyl protons at δ 2.1 as a singlet, the protons due to –OMe appeared at  δ 3.38 ppm as a singlet and the ester-linked methine proton at δ 4.57 ppm as a multiplet. The [α]D25 was –105.3 (c 0.15, CHCl3) much different to the reported value.1 Taking into account all the spectral details, the structure of the macrolide was unambiguously assigned as the heptanolide 15.



















In conclusion, a stereoselective total synthesis of a novel 10-membered macrolide 1 was accomplished by means of a versatile strategy, wherein L-malic acid and (R)-2,3-O-cyclohexylideneglyceraldehyde were used as the inexpensive starting materials for accessing both the advanced intermediates for use in a convergent synthetic strategy. Interestingly, synthesis of two artifacts 12b and 15, hitherto unknown were also reported enroute.

Chapter III: Deprotonative metallation studies of functionalized ferrocenes using ‘ate’ bases
Section A: Deprotonative metallation of achiral functionalized ferrocenes using mixed Li-Cd and mixed Li-Zn bases
This section deals with the deprotonative metallation of achiral functionalized ferrocenes, synthesis of  ferrocene derivatives.
Metallocenes have met an important development. Ferrocene has notably been extensively used to synthesize a variety of derivatives with applications ranging from catalysis18 to materials science19 and bioorganometallic chemistry.20
In recent studies, ferrocene was mono- or poly-metallated using mixed alkali metal-magnesium, -zinc, and -manganese bases, and the species isolated were studied by X-ray diffraction.21 Another mixed lithium-magnesium base, TMPMgClLiCl (TMP = 2,2,6,6-tetramethylpiperidino), allowed chemoselective deprotonation reactions of ferrocenes bearing an ester, a nitrile and a carboxylic acid function, when used in a polar solvent at temperatures around 0 °C.22
Among recently documented non cryogenic alternatives for the deprotonative metallation of aromatics,21 in situ prepared mixtures of ZnCl2·TMEDA23 (TMEDA = N,N,N',N'-tetramethylethylenediamine), or CdCl2·TMEDA,24 and 3 equivalents of LiTMP proved efficient for the functionalization of a large range of ferrocene substrates including aromatics bearing reactive functions and sensitive heterocycles. Hence we decided to attempt their use in the ferrocene series.





In the presence of electron-withdrawing substituents, the ferrocene ring can be efficiently deprotonated using the in situ generated mixture of (TMP)2Zn (0.5 equiv) and LiTMP (0.5 equiv). From the ferrocene ester 1, the monoiodide 1a was selectively obtained (Scheme 1), and isolated in 83% yield. The dideprotonation was similarly not observed when cyanoferrocene (2) and N,N-diethylferrocenecarboxamide (3) were involved in the reaction, and the expected iodides 2a and 3a were isolated in 87 and 91% yield, respectively.
In the case of the acetal 3 (Scheme 2), as previously observed using (TMP)3CdLi, a mixture of the mono- and the diiodide 4a,b (80:20 ratio) was obtained using 1 equiv of ZnCl2·TMEDA and 3 equiv of LiTMP in THF at room temperature. Reducing the base by half the amount, the diiodide 4b could be minimized. 





Monometallation mediated by the lithium-zinc base also proved possible for methyl ferrocene-1,1’-dicarboxylate (5) (Scheme 3). Under the same reaction conditions, the iodide 5a was obtained in 72% yield. Unfortunately, using 1 equiv of (TMP)3CdLi with this substrate failed in only giving one diiodide. Indeed, two diiodides (compounds 5b) and even a triiodide (5c) were isolated from the complex mixture obtained.









Finally, the behaviour of bromoferrocene (6) towards the lithium-zinc base was considered. Under the conditions described above, 1-bromo-2-iodoferrocene (6a) was obtained as the main product (64% yield). 1-Bromo-3-iodoferrocene (6b) concomitantly formed, and was isolated in 7% yield (Scheme 4). Such a migration of a heavy halogen has previously been observed using lithium amides as metallating agents,25 and could be explained herein by the presence of LiTMP in the basic mixture.




The structure of the iodide 6a was established on the basis of its NMR spectra, by comparison with previously reported data.26 By slow evaporation of a dichloromethane solution of the iodide 6a, it also proved possible to collect suitable crystals for X-ray diffraction analysis. The presence of bromo and iodo groups at adjacent positions was confirmed by this way. However, the analysis of the data was complicated by a phenomenon which could be interpreted by a partial enrichment in favour of one enantiomer during the crystallization.
Deprotonative zincation of aromatic compounds followed by in situ palladium-catalyzed cross-coupling of the lithium zincate such generated constitutes a straightforward access to biaryl compounds.23 Using catalytic amounts of PdCl2 as palladium source and 1,1’-diphenylphosphinoferrocene (dppf) as ligand with 2-chloropyridine allowed the synthesis of the pyridine derivatives 7c and 7c in satisfying yields (Scheme 5). The structure of the compound 7c was determined unequivocally by X-ray diffraction analysis (Figure 2).





In summary, (TMP)3CdLi is an efficient reagent, allowing the monodeprotonation of weakly activated ferrocenes and the dideprotonation of ferrocenes activated by an ester function. The corresponding Li-Zn base is more suitable for the room temperature monofunctionalization of activated ferrocenes.

Section B: Diastereoselective deprotonative metallation of chiral ferrocene esters using mixed Li-Cd and mixed Li-Zn bases
This section deals with the diasteroselective deprotonative metallation of chiral ferrocene esters, synthesis of chiral ferrocene derivatives
The metalation of aromatic compounds is traditionally performed using lithium bases in the presence of Lewis bases that simplify their aggregation state (e.g. tetrahydrofuran (THF) as solvent or N,N,N',N'-tetramethylethylenediamine (TMEDA) as additive).27 Nevertheless, polar carbon-lithium bonds are not very compatible with reactive functions such as esters and nitriles, and with sensitive rings such as π-deficient heterocycles. As a consequence, when these substrates were employed in deprotonation reactions, the conventional lithium bases have to be used at very low temperatures or in the presence of an in situ electrophile. By changing lithium with magnesium, the chemoselectivity of the reactions can be improved, but large excesses of base have to be used due to its reduced reactivity.28
Activation of lithium bases by metal additives in order to obtain more efficient or more chemoselective deprotonation reactions is a challenging field and many [(R)n(R')n'MLi] (M = metal; R, R' = alkyl, amino, chloro…) type superbases have already been reported. Mixtures of organolithiums and M alkali metal alkoxides were the first to be developed; well-known examples are LIC-KOR (LIC = butyllithium, KOR = potassium tert-butoxide)29 and BuLi-Li(DMAE) (DMAE = 2-dimethylaminoethoxide).30
The synergy exhibited by combinations of merging lithium compounds with non-alkali additives has significantly pushed the limits of aromatic deprotonative metalation to new heights. Indeed, [(R)n(R')n'MLi]-type compounds with M different from an alkali metal display a large panel of reactivities, depending on both the metal M and the groups connected to it.31 For example, different groups have shown that diorganozinc-[Li(tmp)] (tmp = 2,2,6,6-tetramethylpiperidino) combinations such as [R2(tmp)ZnLi
(·TMEDA)] (R = tBu, Bu),32 as well as salt-activated amidozincs,33 are the bases compatible with various functionalized and heterocyclic aromatics.
Recently Florence and co workers, accomplished the deproto-metalation of a variety of functionalized and heterocyclic aromatics using newly developed basic mixtures obtained from CdCl2·TMEDA,34 or ZnCl2·TMEDA,35 and [Li(tmp)] (3 equiv). Due to the importance of these series for applications ranging from catalysis36 to materials science37 and bioorganometallic chemistry,38 the latter base combinations were also successfully employed to functionalize ferrocenes,39 In particular, such bases proved suitable to perform metalation-iodination sequences from acetal- and ester-substituted ferrocenes at room temperature.39a,40












A survey of the literature showed that chiral ester functions have never been used for this purpose.41 In a previous section (Section-A, Chapre-III), we reported the possible deprotonative metalation of ferrocene esters using either [(tmp)3CdLi] or the 1:1 mixture of [Li(tmp)] and [(tmp)2Zn].39a We thus turned to a large range of chiral ferrocene esters, prepared from ferrocenecarboxylic acid and chiral secondary alcohols 55-62 (Figure 8) under classical conditions.42
We investigated the diastereoselctivity on chiral ferrocenes carboxylates using some of the selected secondary alcohols (1a-1h) as a chiral pool. Towards this, (2S,4R)-tert-butyl 4-hydroxy-2-(tert-butyldiphenylsilyloxymethyl)-1-pyrrolidinecarboxylate (1a), 5-O-(tert-butyldiphenylsilyl)-1,2-O-isopropylidene-α-D-xylofuranose (1b), and 2,3:5,6-di-O-cyclohexylidene-α-D-mannofuranose (1c) were converted to the corresponding ferrocene esters 2a, 2b and 2c.
The secondary alcohols were considered (Scheme 3, Table 3). Toward this purpose, (2S,4R)-tert-butyl 4-hydroxy-2-(tert-butyldiphenylsilyloxymethyl)-1-pyrrolidinecarboxylate (1a), 5-O-(tert-butyldiphenylsilyl)-1,2-O-isopropylidene--D-xylofuranose (1b), and 2,3:5,6-di-O-cyclohexylidene--D-mannofuranose (1c) were converted to the corresponding ferrocene esters 2a-c in good yields. Both [(tmp)3CdLi] and 1:1 [Li(tmp)]/[(tmp)2Zn], prepared in situ from ZnCl2·TMEDA and [Li(tmp)] (3 equiv),43 were tested for the functionalization of the esters; starting from 2a, no reaction was noted upon contact with [(tmp)3CdLi] (Table 1, entries 1 and 2). However, the use of 1:1 [Li(tmp)]/[(tmp)2Zn] in THF at room temperature for the same substrate for 2 h afforded, after subsequent quenching with iodine, the expected derivative 3a in 73% yield (Table 1, entry 3). The reactions from 2b proceeded with similar diastereoselectivities. Compound 2b was readily metalated using both [(tmp)3CdLi] (0.5 equiv), and 1:1 [Li(tmp)]/[(tmp)2Zn] (1 equiv each); the RP diastereoisomer was formed predominantly (20% de) (Table 1, entries 4 and 5). Concerning 2c, the metalation was not complete even with both kinds of base, and low to significant diastereoisomeric excesses were obtained in favor of the SP (Table 3, entries 6-8). It is pertinent to mention that it was possible to avoid the competitive dideprotonation reaction by modifying the R group of the ester, and that excess use of base could improve the diastereoselectivity.




Table 1
Entry	Substrate, R	Base	n	5, Yield [%],de [%][a]	Yield [%] for7, ee [%][b]
123	2a,  	[(tmp)3CdLi][(tmp)3CdLi]1:1 [Li(tmp)]/[(tmp)2Zn]	0.511 each	3a, -[e]3a, -[e]3a, 73	94, 33 (S)[d]
45	2b, 	[(tmp)3CdLi]1:1 [Li(tmp)]/[(tmp)2Zn]	0.51 each	3b, 78, 203b, 86, 20	50, 22 (R)[d]61, 22 (R)[d]
678	2c,	[(tmp)3CdLi][(tmp)3CdLi] [Li(tmp)]/[(tmp)2Zn]	11.51 each	3c, 38[f], 273c, 67[f], 483c, 50[f], 17	(S)[d,g](S)[d,g](S)[d,g]
[a] When possible, determined from the integration of the 1H NMR spectrum of the crude mixture. [b] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [c] The diiodide 6f was isolated in 9% yield. [d] The attribution of the configuration was made on the basis of previously reported data.44 [e] No reaction. [f] Estimated yield, due to the presence of starting material. [g] Reduction performed on a fraction.
A thorough study was then undertaken in order to evaluate the parameters responsible for the diastereoselectivity with the test substrate ferrocenecarboxylate 2d, derived from inexpensive diacetone-D-glucose (1d). Different reaction conditions were employed using [(tmp)3CdLi] (Table 2). Thus, the first reaction was performed as before using 1 equiv of base to furnish, after interception, the monoiodo derivative 3d (Scheme 2) in 85% yield and 74% de (Table 2, entry 1). Using lower reaction temperatures (Table 2, entries 2 and 3) or different reaction times (Table 2, entries 4 and 5) had no effect on the conversion neither did it improve the diastereoselectivity. Though the use of Et2O facilitated the reaction, only a 50% de was obtained (Table 2, entry 6). A similar result was obtained when toluene containing 5 equiv of TMEDA (Table 2, entry 7) was used and a low conversion was noted by replacing toluene with hexane (Table 2, entry 8).
In continuation with the optimization studies, the deleterious effect of TMEDA45 on the diastereoselectivity was demonstrated by performing two experiments. Firstly, when 5 equiv of TMEDA were added to THF, a high 93% yield but a decreased de was obtained (65% instead of 74% without additional TMEDA) (Table 2, entry 9). Second, when the reaction was carried out by discarding all TMEDA sources (using CdCl2 instead of CdCl2·TMEDA to prepare the base), a better 82% de was obtained (Table 2, entry 10). The negative effect of LiCl46 on the course of the reaction was evidenced by carrying out the reaction in the presence of 10 equiv of this salt: though a high yield was obtained a lower de was recorded (60% instead of 74% without additional salt) (Table 2, entry 11). In order to chelate LiCl (2 equiv) which is generated in situ due to the reaction between CdCl2·TMEDA and [Li(tmp)] (3 equiv) and check if any effect on the product profile could be seen, we attempted the use of N,N,N',N'-tetraethylethylenediamine (TEEDA, 5 equiv), a known lithium chelating ligand.47 Unfortunately, using additional TEEDA (5 equiv) the product de was lowered to 56%, a result that could be due to a non-selective complexation of the lithium atoms of LiCl (Table 2, entry 12).
Subsequently, in order to check the importance of the structure composition of the base on the course of the reaction, [(tmp)2BuCdLi]48 was employed instead of [(tmp)3CdLi]; under the same reaction conditions the deprotonation reaction still took place albeit resulting in a lower yield but with a 61% de (against 74% using [(tmp)3CdLi]) (Table 2, entry 13). Additionally, in a bid to improve the selectivities, the protective group of the diol was 
Metalation of ferrocenecarboxylates 2d, e using a lithium-cadmium base followed by trapping with I2.










Table 2 
Entry	Substrate, R	Conditions	3, Yield [%],de [%][a]	Yield [%] for4, ee [%][b]
1	2d, Me, Me	THF, RT, 2 h	3d, 85, 74	89, 71 (S)[c]
2	2d, Me, Me	THF, 0 °C, 2 h	3d, 87, 75	89, 75 (S)[c]
3	2d, Me, Me	THF, -20 °C, 2 h	3d, 93, 65	-[d]
4	2d, Me, Me	THF, RT, 30 min	3d, 87, 74	-[d]
5	2d, Me, Me	THF, RT, 6 h	3d, 91, 74	-[d]
6	2d, Me, Me	Et2O, RT, 2 h	3d, 87, 50	94, 51 (S)[c]
7	2d, Me, Me	PhMe, TMEDA (5 equiv), RT, 2 h	3d, 91, 54	94, 52 (S)[c]
8	2d, Me, Me	HexH, TMEDA (5 equiv), RT, 2 h	3d, 28,[e] 40	90, 37 (S)[c]
9	2d, Me, Me	THF, TMEDA (5 equiv), RT, 2 h	3d, 93, 65	-[d]
10[f]	2d, Me, Me	THF, RT, 2 h	3d, 87, 82	-[d]
11	2d, Me, Me	THF, LiCl (10 equiv), RT, 2 h	3d, 93, 60	-[d]
12	2d, Me, Me	THF, TEEDA (5 equiv), RT, 2 h	3d, 52, 56	-[d]
13[g]	2d, Me, Me	THF, RT, 2 h	3d, 77, 61	93, 57 (S)[c]
14	2e, (CH2)5	THF, RT, 2 h	3e, 93, 54	94, 58 (S)[c]
[a] When possible, determined from the integration of the 1H NMR spectrum of the crude mixture. [b] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [c] The attribution of the configuration was made on the basis of previously reported data.44 [d] Reduction not performed. [e] Estimated yield, due to the presence of starting material. [f] Base prepared from CdCl2 instead of CdCl2·TMEDA. [g] Using [(tmp)2BuCdLi] (1.2 equiv) instead of [(tmp)3CdLi] (1 equiv).

modified to a sterically more bulky dicyclohexylidene derivative 2e. The latter was employed in the reaction instead of the corresponding diisopropylidene derivative 2d; a lowered diastereoselectivity of the product (54% de) was obtained against 74% when 2d was the chiral ester (Table 2, entry 14).

Metalation of ferrocenecarboxylates 2d, e using a lithium-zinc base followed by trapping with I2.





Table 3
Entry	Substrate, R	Li-Zn base (n)	Solvent	3, Yield [%],de [%][a]	Yield [%] for7, ee [%][b]
1	2d, Me, Me	1:1 [(tmp)2Zn]/[Li(tmp)] (1 each)	THF	3d, 86, 54	-[c]
2	2d, Me, Me	1:1 [(tmp)2Zn]/[Li(tmp)] (1 each)	HexH, TMEDA(5 equiv)	3d, 50, 42	94, 42 (S)
3[d]	2d, Me, Me	1:1 [(tmp)2Zn]/[Li(tmp)] (1 each)	THF	3d, 84, 56	-[c]
4	2d, Me, Me	[(tmp)2Zn] (1)then [Li(tmp)] (1)	THF	3d, 89, 64	-[c]
5	2d, Me, Me	[(tmp)2BuZnLi] (1)	THF	3d, 89, 55	93, 60 (S)
6	2e, (CH2)5	1:1 [(tmp)2Zn]/[Li(tmp)] (1 each)	THF, RT, 2 h	3e, 87, 56	96, 57 (S)
[a] When possible, determined from the integration of the 1H NMR spectrum of the crude mixture. [b] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [c] Reduction not performed. [d] Base prepared from ZnCl2 instead of ZnCl2·TMEDA. 
Some reactions were repeated employing the corresponding lithium-zinc combinations (Scheme 2, Table 3). The use of the in situ prepared mixture of ZnCl2·TMEDA and 3 equiv of [Li(tmp)] which is 1:1 [Li(tmp)]/[(tmp)2Zn] led to a similar yield but to a lower 54% de (74% using [(tmp)3CdLi]) (Table 3, entry 1). Low yield and de were similarly noted by using hexane containing 5 equiv of TMEDA as solvent (Table 3, entry 2). In the case of the lithium-zinc base, a deleterious effect of TMEDA was not observed (56% de with TMEDA against 54% without) (Table 3, entry 3). A sequential addition of [(tmp)2Zn] and [Li(tmp)] allowed a slight improvement, giving a 64% de (Table 3, entry 4).
In the case of the mixed lithium-zinc base, replacing one tmp by a butyl group did not reduce the diastereoselectivity (entry 5). By comparing [(tmp)2BuZnLi]43 (55% de) (Table 3, entry 5) with [(tmp)2BuCdLi] (61% de), it can be deduced a better diastereoselectivity using the lithium-cadmium base. The impact of the diol protection was also checked using 1:1 [Li(tmp)]/[(tmp)2Zn], no difference was noticed between the diisopropylidene 2d and the corresponding dicyclohexylidene 2e (Table 3, entry 6).
Metalation of ferrocenecarboxylate 2f using [(tmp)3CdLi] (1 equiv) or 1:1 [Li(tmp)]/[(tmp)2Zn] (1 equiv each), followed by trapping with I2.




Table 4
Entry	Base	Yield [%] for 3f	Yield [%] for 4	ee [%][a]
1	[(tmp)3CdLi]	82[b]	95	32 (S)
2	1:1 [Li(tmp)]/[(tmp)2Zn]	64	86	32 (S)
[a] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [b] Estimated yield, due to the presence of starting material.

By involving the ester 2f in the reaction, which differs from 2d at the C3 configuration of the sugar substituent, a good conversion was observed but with a disappointing de in favor of the SP diastereoisomer (Scheme 3, Table 4). Similar results were recorded using [(tmp)3CdLi] (Table 6, entry 1) and 1:1 [Li(tmp)]/[(tmp)2Zn] (Table 4, entry 2).
Metalation of ferrocenecarboxylate 4m using [(tmp)3CdLi] (n equiv) or 1:1 (TMP)2Zn-LiTMP (n equiv each), followed by trapping with I2.





Table 5
Entry	1st base	2nd base (n)	Yield [%] for 3g	de [%][a]	Yield [%] for 4	ee [%][b]
1	-	[(tmp)3CdLi] (1)	84		92	32 (S)
2	BuLi	[(tmp)3CdLi] (0.5)	48		94	40 (S)
3	MeLi	[(tmp)3CdLi] (0.75)	52	52	96	56 (S)
4	-	1:1 [Li(tmp)]/[(tmp)2Zn](1 each)	40		-[c]	-
5	-	1:1 [Li(tmp)]/[(tmp)2Zn](1.5 each)	70		91	11 (S)
[a] When possible, determined from the integration of the 1H NMR spectrum of the crude mixture. [b] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [c] Not performed.
In order to evaluate chains with more complexing properties toward metals, we considered the reaction of the ferrocenecarboxylate 2g (Scheme 4, Table 5), generated from 5-(tert-butoxycarbonylamino)-5-deoxy-1,2-O-isopropylidene--D-xylofuranose (1g) as the next example. Thus, 2g upon reaction with 1 equiv of [(tmp)3CdLi] was converted to the corresponding iodide 3g in 84% yield and in moderate diastereoselectivity (Table 5, entry 1). In order to improve the diastereoselectivity, pre-treating the substrate with 1 equiv of an organolithium reagent for abstracting the NH proton was considered an attractive proposition. The selectivity could be improved but at the cost of the yields (Table 5, entries 2 and 3). As observed with previous substrates, the lithium-zinc base proved less efficient (Table 5, entries 4 and 5).
Metalation of ferrocenecarboxylate 4n using [(tmp)3CdLi] (n equiv) or 1:1 (TMP)2Zn-LiTMP (n equiv each), followed by trapping with I2.




Table 6
S.No	Solvent	Base (1 eq)	Base	eq	Yields 3h(%)	ee (%)
1	THF	-	(tmp)3CdLi	1.0	84	34 (S)
2	THF	BuLi	(tmp)3CdLi	0.5	47	40 (S)
3	THF	MeLi	(tmp)3CdLi	0.75	52	56 (S)
4	THF	-	1:1(tmp)2Zn + (tmp)Li	1.0	40	-
5	THF	-	1:1(tmp)2Zn + (tmp)Li	1.5	70	11(S)

[a] Determined by HPLC analysis on a chiral stationary phase (AS-H column, eluent: hexane/isopropanol 9:1, 1 mL/min,  = 252 nm). [b] The diiodide 6n was also isolated in 12% yield. [c] Estimated yield. [d] The diiodide 6n was also isolated in 37% yield. [e] Both diastereoisomers were separated during the purification by column chromatography over silica gel.

The ferrocenecarboxylate 2h, synthesized from 6-(tert-butoxycarbonylamino)-6-deoxy-3-O-methyl-1,2-O-isopropylidene-α-D-glucofuranose (1n), showed better results (Scheme 5, Table 6). Consecutive treatment with butyllithium (1 equiv) and [(tmp)3CdLi] (0.5 equiv) afforded the iodide 3h in 28% yield and an estimated 60% de, this time in favor of the RP diastereoisomer (Table 6, entry 1). Without butyllithium and using 1 equiv of [(tmp)3CdLi], the yield was improved, and a similar diastereoselectivity obtained. Under these conditions, both diastereoisomers were separated by column chromatography over silica gel (Table 6, entry 2). The main stereoisomer RP-3h was notably isolated in 34% yield and 98% de and identified unambigously through its reduction with DIBAL-H to afford R-4 in crystals suitable for analysis by X-ray diffraction. More importantly, less toxic 1:1 [Li(tmp)]/[(tmp)2Zn] led to similar results (35% yield and 96% de for the stereoisomer RP-3h) (Table 6, entry 3).
In order to reach new kinds of ferrocene derivatives, cross-coupling reactions were attempted using the iodoesters 3 (Scheme 6). Firstly, it was decided to attempt Ullmann-type coupling reactions on the iodoferrocenecarboxylate RP-2d, synthesized as described in Table 3, entry 10, and isolated by chromatography over silica gel in about 60% yield. The reagent system comprising NiCl2(PPh3)2, triphenylphosphine, zinc and sodium hydride, reported by Lin and Hong in 2001,49 was attempted for this purpose, but only led to the deiodinated compound 2d. In contrast, when methyl 2-iodoferrocenecarboxylate rac-3i, easily prepared by deprotonation-iodination, was involved in the reaction under the same conditions, the expected self-coupling products were obtained, and separated by chromatography over silica gel. The meso derivative meso-5i and the racemic mixture rac-5′i were isolated in 53 and 15% yield respectively and both were unambigously identified by X-ray diffraction.







Different Suzuki-type coupling reactions were finally performed from the 2-iodoferrocenecarboxylates rac-3i, SP-3d, and RP-3h (Scheme 7, Table 7). Reaction of 4-methoxyphenylboronic acid with the three iodoesters was carried out in the presence of cesium fluoride in order to avoid the use of basic reagents.50 All three reactions proceeded in excellent yields at the reflux temperature of toluene using catalytic amounts of Pd(dba)2 and triphenylphosphine, affording the expected phenylesters rac-6i, RP-6d, and SP-6h, respectively (Table 7, entries 1-3). Reaction of 2-aminophenylboronic acid could not be carried out in toluene due to solubility problem. Employing dimethylformamide-dimethylacetal under the same reaction conditions led to the formation of the formamidines rac-7i, RP-7d, and SP-7h in high yields (Table 7, entries 4-6). Rac-7i was identified from X-ray diffraction data. Turning to dioxane allowed the iodoesters SP-3d and RP-3h to be converted into the carboxamides RP-8 and SP-8 through cross-coupling and subsequent cyclization of the amino group with the ester function (Table 7, entries 7 and 8).






Table 7
Entry	Substrate, R’	Solvent	Conditions	Compound, R”	Yield [%]
1	rac-3i, 4-MeO	PhMe	reflux, 12 h	rac-6i, 4-MeO	97
2	SP-3d, 4-MeO	PhMe	reflux, 12 h	RP-6d, 4-MeO	98
3	RP-3h, 4-MeO	PhMe	reflux, 12 h	SP-6h, 4-MeO	96
4	rac-3i, 2-H2N	DMF-DMA	130 °C, 12 h	rac-7i, 2-Me2NCH=N	91
5	SP-3d, 2-H2N	DMF-DMA	130 °C, 12 h	RP-7d, 2-Me2NCH=N	86
6	RP-3h, 2-H2N	DMF-DMA	130 °C, 12 h	SP-7h, 2-Me2NCH=N	85
7	SP-3d, 2-H2N	dioxane	105 °C, 12 h	RP-8	92
8	RP-3h, 2-H2N	dioxane	105 °C, 12 h	SP-8	84

In summary, several chiral esters were screened for their ability to induce diastereoselective deproto-metalation reactions of ferrocenes using mixed lithium-cadmium and lithium-zinc bases. Due to the tolerance of these bimetallic combinations toward reactive functional groups, many substrates were functionalized at room temperature. Among the different groups tested, two proved impressive: the one present in ferrocenecarboxylate 4j, generated from commercially available inexpensive diacetone-D-glucose (3j), allowing the synthesis of the iodo derivative 5j in 87% yield and 82% de (SP diastereoisomer), and the one present in ferrocenecarboxylate 4n, synthesized from 6-(tert-butoxycarbonylamino)-6-deoxy-3-O-methyl-1,2-O-isopropylidene-α-D-glucofuranose (3n), leading to the iodo derivative 5n in 34% yield and 98% de (RP diastereoisomer).
Subsequent reactions were considered from the iodoesters thus generated. Among them, Suzuki coupling reactions, possibly followed by subsequent reactions with dimethylformamide dimethylacetal or cyclizations, were performed satisfactorily.
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